Background: Traditional digital subtraction angiography (DSA) is currently the gold standard diagnostic method for the diagnosis and evaluation of cerebral arteriovenous malformation (AVM) and dural arteriovenous fistulas (dAVF). Objectives: The aim of this study was to analyze different less invasive magnetic resonance angiography (MRA) images, timeresolved MRA (TR-MRA) and three-dimensional time-of-flight MRA (3D TOF MRA) to identify their diagnostic accuracy and to determine which approach is most similar to DSA. Patients and Methods: A total of 41 patients with AVM and dAVF at their initial evaluation or follow-up after treatment were recruited in this study. We applied time-resolved angiography using keyhole (4D-TRAK) MRA to perform TR-MRA and 3D TOF MRA examinations simultaneously followed by DSA, which was considered as a standard reference. Two experienced neuroradiologists reviewed the images to compare the diagnostic accuracy, arterial feeder and venous drainage between these two MRA images. Interobserver agreement for different MRA images was assessed by Kappa coefficient and the differences of diagnostic accuracy between MRA images were evaluated by the Wilcoxon rank sum test. Results: Almost all vascular lesions (92.68%) were correctly diagnosed using 4D-TRAK MRA. However, 3D TOF MRA only diagnosed 26 patients (63.41%) accurately. There were statistically significant differences regarding lesion diagnostic accuracy (P = 0.008) and venous drainage identification (P < 0.0001) between 4D-TRAK MRA and 3D TOF MRA. The results indicate that 4D-TRAK MRA is superior to 3D TOF MRA in the assessment of lesions. Conclusion: Compared with 3D TOF MRA, 4D-TRAK MRA proved to be a more reliable screening modality and follow-up method for the diagnosis of cerebral AVM and dAVF.
limited by its lack of hemodynamic information (13) . Although CE-MRA has good spatial resolution, it also fails to provide hemodynamic information (14) . Therefore, it is important to develop an MRA with hemodynamic information that resembles traditional DSA. For this reason, TR-MRA technique has been developed (14) .
TR-MRA is a new technique for improving temporal resolution. Compared with CE-MRA, TR-MRA applies parallel imaging (including both in-plane and throughplane), partial Fourier data sampling, and a special kspace sampling method to greatly reduce acquisition times and preserve adequate spatial resolution (15) (16) (17) (18) . Several vendors have provided new techniques, including 4D time-resolved angiography using keyhole (4D-TRAK) (19) , time-resolved imaging with stochastic trajectories (TWIST) (20) , time-resolved echo-shared angiography technique (TREAT) (21) , and time-resolved imaging of contrast kinetics (TRICKS) (14) . The 4D-TRAK MRA combines contrastenhanced timing-robust angiography (CENTRA) (22) and the keyhole method (19) to improve temporal resolution without compromising spatial resolution of the dynamic images (21) . Hemodynamic information obtained by 4D-TRAK MRA has sequential arterial and venous phase images, much as the traditional DSA (23) (24) (25) . Thus, the images acquired with the aid of 4D-TRAK MRA are conducive to improving the diagnostic accuracy of cerebral vascular lesions.
Despite the fact that DSA is still irreplaceable in the diagnosis of cerebral vascular lesions, we wanted to find a more reliable less invasive imaging tool for the diagnosis of cerebral vascular lesions. Among several MRA modalities, 3D TOF MRA is currently routinely performed at most hospitals (2, 26, 27) ; whereas, 4D-TRAK MRA is still not widely applied. Although, recently, Wu and Li (28) have revealed that 4D-TRAK MRA could provide a similar diagnostic accuracy rate for evaluation of cerebral aneurysms (CAs) and a better characterization of morphology for larger CAs compared to 3D TOF MRA, it still remains unclear which method performs better in terms of diagnostic accuracy for cerebral AVM and dAVF.
Objectives
In this study, we used 4D-TRAK MRA and 3D TOF MRA to diagnose cerebral AVM and dAVF and employed DSA images as standard references. By studying the two protocols, we attempted to determine whether any differences in interobserver agreement exist between the two techniques and which achieves more accurate diagnoses.
Patients and Methods

Participants
From January 2010 to December 2012, people who had been diagnosed or underwent MRI for post-treatment follow-up of cerebral vascular lesions were recruited in our study. They received both 4D TRAK MRA and 3D TOF MRA at the same time. The patients then received DSA as a standard reference for the final diagnosis. The interval between DSA and MRA was limited within one month. Patients who did not fit these criteria were excluded. Treatment methods included endovascular treatment, gamma knife radiosurgery, and surgical intervention. Endovascular treatment included transarterial embolization using stainless steel coils, glue (N-butyl cyanoacrylate, NBCA) or EVOH (Onyx, Micro Therapeutics, Irvine, CA) (29) . Before enrollment of the patients into this study, written informed consent was obtained from all subjects. The images were retrospectively analyzed. This study was approved by the institutional review board of Taichung veterans general hospital, Republic of China.
MRI Data Acquisition
Participants were scanned on a 3T MR scanner (Achieva, Philips Healthcare, Best, the Netherlands) with an eightchannel SENSE-capable head coil. Head movement was restricted with expandable foam cushions. The slice orientation of all axial images was performed in parallel to the line connecting the anterior and posterior commissure on the mid-sagittal localizer. Basic MR images were as follows: axial T1-weighted spin echo images (TR, 500 ms; TE, 10 ms) and axial T2-weighted fast spin echo images (TR, 3200 ms; TE, 115 ms). Axial and coronal post-contrast enhanced T1-weighted spin echo images were acquired after 4D-TRAK MRA acquisition.
MR Angiography
3D TOF-MRA was performed with five axial slabs of 180 slices, each with a 0.8-mm thickness that spanned and covered the whole brain. The sequence parameters were as follow: TR, 23 ms; TE, 1.86 ms; flip angle, 18°; field of view (FOV), 200 × 200 × 144 mm 3 . These settings resulted in the acquisition of 3D data with 0.5 × 0.7 × 0.8 mm 3 voxels in 5 minutes 40 seconds. The MRA was processed with maximum intensity projection (MIP) reconstructed in 180 degrees rotation in two directions: head to foot and left to right.
TR-MRA was performed using a sequential T1-weighted 4D-TRAK MRA sequence. The following parameters were constant in all examinations: TR, 3.3 ms; TE, 1.02 ms; flip angle, 20°; FOV, 230 × 246 × 160 mm an acceleration factor of 8 (phase encoding, 4; section encoding, 2); and half-Fourier imaging with 30% k-space reduction. The intravenous injection of 0.1 mL/kg contrast agent (gadobutrol, 1 mmol/mL; Gadovist 1.0; Bayer Schering Pharma, Bayer Vital, Leverkusen, Germany) with a flow rate of 3 mL/s was followed by a 20 mL saline flush delivered with an automated power injector. We achieved a total of 30 dynamic acquisitions, 1.6 seconds per volume combined with a reference scan of 5.5 seconds for a total acquisition time of 53.6 seconds and a spatial resolution at acquisition of 0.8 × 1.3 × 2 mm 3 after interpolation in a voxel size of 0.77 × 0.77 × 1 mm 3 . For 4D-TRAK MRA visualization, native or subtracted data (4,600 images) were used by a local medical software called MR project (medical research project) dedicated to analyzing 4D with MIP ray tracing. The software enabled enlargement of regions of interest in any 3D direction with the possibility of viewing progress of contrast injection, which is in contrast to the simple dynamic series of MIP images generated in sagittal, coronal, and axial views.
Conventional Angiography
Diagnostic biplanar intra-arterial DSA (Allura Xper FD 20/20; Philips Medical Systems, Best, the Netherlands) was performed by a trained neuroradiologist with a 4.1Fr. catheter that was navigated into the internal carotid, external carotid, and both vertebral arteries via the transfemoral route. The images were obtained after power injection of 5 -8 mL of iopromide (Ultravist; Bayer Healthcare). Frame rates were 6 frame/s in the arterial phase and 4 frame/s in the venous phase.
Qualitative Analysis
Two neuroradiologists (7 and 13 years of experience in neuroimaging) with no knowledge of the DSA results interpreted 4D-TRAK MRA data in 3 MIP-subtracted orthogonal images (sagittal, coronal, and axial) and 3D TOF MRA images in a random order on a PACS system. The DSA images were reviewed by a senior neuroradiologist (17 years of experience in neuroangiography) without knowledge of the MRA findings. Both groups were blinded to the clinical history. The overall diagnostic accuracy index was scored according to a 3-point grading system comparing with DSA: score of 2, "adequate" for diagnosis (depiction of feeding arteries and draining veins was possible, minor artifacts might be present but did not interfere with image interpretation); score of 1, "questionable" for diagnosis (depiction of feeding arteries and draining veins was impaired by artifacts and/or inadequate temporal resolution); score of 0, "nondiagnostic" (image quality was not sufficient for diagnosing feeding arteries and draining veins because of artifacts and/or poor temporal resolution). Conflicts between observers were reviewed by both readers to reach a consensus (30) . The 3D data were displayed with all regions visible. The software allowed for enlargement of regions of special interest in any given spatial orientation. Diagnostic parameters were analyzed based on the following three criteria: diagnostic accuracy, depiction of arterial feeders and depiction of venous drainage. The diagnostic accuracy defined as the diagnosis made by MRA examinations was the same as DSA.
Statistical Analysis
Kappa coefficient was used to calculate the interobserver agreement (between two readers for 3D TOF MRA and 4D-TRAK MRA). The diagnostic accuracy and depiction of arterial feeders and venous drainage in 4D-TRAK MRA and 3D TOF MRA were individually determined by calculat- parametric Wilcoxon rank sum test was applied to compare the diagnostic accuracy between 4D-TRAK MRA and 3D TOF MRA, and a P value < 0.05 was considered as statistically significant. Statistical comparisons were performed using SPSS software version 17 (SPSS Inc., Chicago, Illinois).
Results
Demographic Data
A total of 41 patients (15 women and 26 men) whose ages ranged from 13 to 82 years (mean age, 41.7 years) with cerebral vascular lesions, including 32 AVM patients and nine dAVF patients, were recruited and definitively diagnosed by DSA. Of these patients, 17 were initially diagnosed with previously unknown cerebral vascular lesions, and 24 patients were followed up after treatment. The demographic data of the patients are listed in Table 1 . Table 2 provides a summary of the scoring for diagnostic accuracy, arterial feeder, and venous drainage. Regarding the diagnostic accuracy, including lesion location and fistula point, 38 patients (92.68%) were correctly diagnosed using 4D-TRAK MRA, and three were poorly diagnosed (7.32%). However, 3D TOF MRA only accurately diagnosed 26 (63.41%) patients, equivocally diagnosed six patients (14.63%), and poorly diagnosed nine patients (21.95%). As for arterial feeder, 4D-TRAK MRA and 3D TOF MRA showed well-recognized images in 30 patients (73.17%) and 25 patients (60.98%) but poor identification in seven (17.07%) and 11 (26.83%) patients, respectively. With respect to venous Table 3 summarizes the interobserver agreement between two readers. For diagnostic accuracy, 4D-TRAK MRA was excellent (κ = 1.00), while 3D TOF MRA was good (κ = 0.793). In the main arterial feeder assessment, 4D-TRAK was moderate (κ = 0.592) and good in 3D TOF MRA (κ = 0.623). For venous drainage, agreement of 4D-TRAK MRA was excellent (κ = 1.00), while 3D TOF MRA agreement was moderate (κ = 0.572).
Summary of Scoring Based on a 3-Point Grading System
Interobserver Agreement
Average Scores of Diagnostic Accuracy Index
The average scores were based on the 3-point grading system of diagnostic accuracy, arterial feeder and venous drainage. The comparison between the average scores of 4D-TRAK MRA and 3D TOF MRA is shown in Table 4 . There was a statistically significant difference between 4D-TRAK MRA and 3D TOF MRA in terms of diagnostic accuracy in AVM (P = 0.006) and total group (summation of the AVM and dAVF, P = 0.002). For arterial identification, AVM, dAVF, and total group exhibited no significant differences. For venous drainage identification, 4D-TRAK MRA showed significant superiority to 3D TOF MRA in AVM (P < 0.0001) and total group (P < 0.0001). Figures 1 -6 demonstrate the hemodynamic information, especially for drainage vein identification, which was provided by 4D-TRAK MRA. However, 3D TOF MRA poorly showed venous drainage due to its "static" information.
Discussion
The most significant finding of this study is that 4D-TRAK MRA is able to provide nearly all valid diagnoses of AVM and dAVF. Furthermore, our study also shows that 4D-TRAK MRA is superior to 3D TOF MRA in diagnostic accuracy and venous drainage assessment. Regarding interobserver agreement, 4D-TRAK MRA showed excellent agreement in terms of diagnostic accuracy and venous drainage, as well as moderate agreement in arterial feeder identification. 3D TOF MRA presented good agreement in diagnostic accuracy and artery feeder assessment and moderate agreement in venous drainage. In short, compared with 3D TOF MRA, 4D-TRAK MRA was shown to be more reliable in diagnosing cerebral AVM and dAVF.
Our study shows that almost all vascular lesions and venous drainage patterns can be correctly evaluated by 4D-TRAK MRA, which is here shown to be superior to 3D TOF MRA (Tables 3 and 4) . For the primary diagnosis of cerebral AVM and dAVF, or follow-up, the detection of early venous drainage is very important (23, 30) . 4D-TRAK MRA provides both vascular anatomy and hemodynamic information, which are of great value in clinical assessments (17, 19) , especially venous drainage patterns and possible fistula points. Comparatively, 3D TOF MRA only detected 39% of the venous drainage (Table 2 ). Slow flow fistulae or AVM may be easily missed (Figures 1 -3 ) because 3D TOF MRA is a T1-weighted imaging technique for static vascular lesions (31) . In addition, subacute thrombosis within a fistula vein may be misdiagnosed as a vascular lesion (32) because any b Disagreements between readers were reviewed by both readers to reach a consensus. Abbreviations: 3D TOF MRA, three dimensional time-of-flight magnetic resonance angiography; 4D-TRAK MRA, 4D time-resolved angiography using keyhole magnetic resonance angiography. a Interobserver agreement is between reader 1 and reader 2 and data were evaluated using Kappa statistics with 95% confidence intervals (CI) in parentheses. high signal intensity on T1 weighted image could be easily presented on 3D TOF MRA (2, 33) .
3D TOF MRA is a technique that mainly depends on the flow and movement of protons in the blood through the Iran J Radiol. 2016; 13(2):e19814. 5 Figure 4 . A, Coronal; B, Sagittal views also reveal a focal hyperintense nidus (arrow) in the right parietal region supplied by branches deriving from right anterior and middle cerebral arteries. However, the venous drainage cannot be confirmed due to lack of venous phase information. In addition, a high signal intensity (arrow head) resulting from flow artifacts of the great cerebral vein is visualized.
cent years has shown that 3D TOF MRA can be regarded as a valuable tool for the initial diagnosis of dAVF and AVM Iran J Radiol. 2016; 13(2):e19814. 7 (31, 32, 34) . They suggested abnormal hyperintensity on the images of 3D TOF MRA, which can provide the diagnosis of a possible fistula point or nidus formation. However, there are still some important shortcomings, including the following: the slow flow fistula may be missed, the possible subacute thrombosis within the fistula vein may show hyperintensity in complete occluded dAVF, and this may be misdiagnosed as fistula flow in follow-up images after treatment (27) . Furthermore, dAVF with retrograde venous flow into the cortical veins may show a large portion of hyperintensity that may obscure the true fistula point or the location of a possible feeding artery. In addition, for primary diagnosis or follow-up of AVM and dAVF, identification of the drainage vein is very important (35) (36) (37) . Thus, lack of hemodynamic information and venous phase information constitute the other drawback of this sequence. For these reasons, although the 3D TOF MRA is a useful method in the initial diagnosis of dAVF and AVMs, lack of dynamic information is a major shortcoming. The interobserver agreement in 4D-TRAK MRA showed excellent agreement in lesion diagnosis and venous drainage assessment. Although the spatial resolution of 3D TOF MRA may sometimes be better than that of 4D-TRAK MRA (17) , it is still not good enough for AVM nidus or fistula point identification. In other words, slow flow fistulae may be missed, and any hyperintensity may cause false interpretations of 3D TOF MRA. For this reason, the confidence of lesion depiction was lower, as was the interobserver agreement. With regard to the arterial feeder, neither interobserver agreement was excellent. We know that arterial feeders and even the main feeder to vascular lesions can be quite small in size. The relative poor spatial resolution may be the other factor causing artery assessment to be less consentient in 3D TOF MRA and even in 4D-TRAK MRA among readers with different diagnostic experiences (36) . In addition, the capacity of traditional DSA in showing additional small feeders is due to its direct determination of the origin of the arterial feeders by injecting contrast medium into the four supraaortic vessels, one by one, simply visualizing the nidus or fistula site. As a result, further advances in MRA techniques to improve spatial resolution are key points to be worked out in the future (30) .
Although the diagnostic value and major arterial feeder identification of 3D TOF MRA have gained a certain reliability in current clinical use (31, 32) , vessels with lower flows or smaller sizes may be still easily overlooked (27, 32) . Furthermore, in some of our cases, the possible subacute thrombosis within fistula veins showing hyperintensity in completely occluded dAVF may be regarded as a residual fistula flow (38) . Most importantly, without venous phase image for drainage vein assessment, the diagnostic accuracy of 3D TOF MRA is still far from equal to DSA, which requires the gold standard for characterization of AVM and dAVF (34) . Comparatively, the higher diagnostic accuracy and venous drainage pattern recognized by the sequential arterial and venous phase images of 4D-TRAK MRA makes it far superior to 3D TOF MRA. Therefore, 4D-TRAK MRA is undoubtedly a more reliable tool in diagnosing cerebral AVM and dAVF.
The 4D-TRAK MRA acquired using CENTRA keyhole imaging, a parallel imaging technique and a multiphase acquisition technique, enables a rapid sequential analysis of arteries, capillaries and veins and facilitates the identification of early venous filling or retrograde flow in volumetric studies (16) . The special k-space sampling is mainly divided into two regions: the centrally located k-space, which contributes to image contrast information by more frequent sampling, and the peripherally located regions, which provide high spatial resolution, true acceleration of the sequence acquisition time and fewer observed motion artifacts (19) . Therefore, it can provide sequential arterial and venous phase images for venous drainage evaluation. From the results of our study, the definite lesion location, size, arterial feeder, and venous drainage all had good specificity in diagnosis. This means that the basic SpetzlerMartin grading of AVM (39) , diagnosed by the nidus and venous drainage, and Borden-Shucart grading system of dAVF (40) , mainly identified by the drainage vein, can be mostly diagnosed on 4D-TRAK MRA. Thus, with the aid of 4D-TRAK MRA, sufficient information for clinical therapeutic decision-making and planning can be obtained (30, 37, (41) (42) (43) . Furthermore, this MR sequence requires only 1 minute for acquisition, while conventional DSA requires at least 30 minutes for the whole procedure. Therefore, 4D-TRAK MRA might be a good screening method for people with high clinical suspicions of AVM or dAVF. In short, 4D-TRAK MRA may reduce the necessity of performing conventional DSA for initial diagnosis or post-treatment follow-up in the future.
In our study, we observed that the vascular lesions that could not be correctly diagnosed on 4D-TRAK MRA were mostly small or those with extremely slow flows. This is because the specificity of CENTRA keyhole places emphasis on contrast data (central k-space) rather than on spatial resolution data (peripheral k-space), representing a tradeoff in clinical practice between spatial resolution and temporal resolution. Consequently, the small residual nidus or extremely slow flow may cause some difficulties in identification, and traditional DSA may be the only choice for these small lesions. In other words, 4D-TRAK MRA can identify major arterial feeders but may overlook the small ones. Additionally, we also observed that there were identical results on 3D TOF MRA in three parameters of the dAVF 8
Iran J Radiol. 2016; 13(2):e19814. assessment (Table 4 ). The most reasonable explanation is that vascular lesions with prominent and fast flow venous drainage detected by 3D TOF MRA may be regarded as an early drainage vein. Furthermore, observing early drainage veins indicates a higher possibility of dAVF presence. Therefore, if the drainage vein is not identified, we will not be able to make the diagnosis. The present study is not without limitations. First, no control group of patients without vascular lesion was established, so observer bias of the reviewers is present. Second, the time interval between MRA examination and conventional DSA may have caused some unpredictable differences between the two imaging modalities, even though the recruited patient population underwent two examinations within one month. Finally, the number of subjects in this study was small, consisting of only 41 patients in total. Subdividing these patients into groups such as AVM vs. dAVF and initial diagnosis vs. follow-up makes the small sample size an even bigger issue. Thus, further studies with larger numbers of patients to confirm the superior clinical results of 4D-TRAK MRA over 3D TOF MRA is needed.
In conclusion, although DSA is still the gold standard (43) in the diagnosis of cerebral AVM and dAVF, several different less invasive MRA sequences have gained clinical importance in the recent years. TR-MRA provides sequential arterial and venous phase images, making it superior to 3D TOF MRA in diagnostic accuracy. Our results suggest that TR-MRA seems to be a more reliable modality in the identification of cerebral AVM and dAVF.
